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Metastable fragmentation of the positively charged, hexameric oligonucleotides 5=-d(TTXYTT)
(X and Y are dC, dG, or dA) and 5=-d(CTCGTT), 5=-d(TTCGTC) and 5=-d(CTCGTC) is studied
after matrix assisted laser desorption/ionization (MALDI). The influence of the degree of
sodiation, i.e., when the acidic protons are one by one exchanged against sodium ions, is
systematically studied for the exchange of up to seven protons against sodium ions.
Exchanging the acidic protons against sodium gradually quenches the backbone cleavage
through the w and a-B channels, and quantitative quenching of these channels is generally
achieved with the exchange of four protons against sodium ions. At the same time, the
exchange of protons against sodium ions promotes the loss of a neutral, high proton affinity
base. The formation of the w and a-B fragments is found to be highly dependent on the
sequence of the central bases. A single mechanism consistent with these observations is
proposed. In addition to the quenching of the classical w and a-B reaction channels, a drastic
and abrupt on/off-switching of new reaction channels is observed as the degree of sodiation
successively increases. These channels involve selective loss of the two central bases and the
excision of a phosphodiester group and a sugar unit from the center of the oligonucleotides.
Synchronously, the two terminal fragments recombine to form a tetramer containing the two
terminal nucleosides from each end of the hexamer. Possible mechanism explaining these
remarkable channels are discussed. (J Am Soc Mass Spectrom 2009, 20, 689–696) © 2009
Published by Elsevier Inc. on behalf of American Society for Mass SpectrometryThe need for new analytical methods and massspectrometric techniques to shed light on thecomplex molecular structure and composition of
biologically relevant molecules has drawn the attention
of physicists and physical chemists more in the direc-
tion of gas-phase studies on molecules such as DNA,
RNA, proteins, and peptides. The introduction of the
electrospray ionization (ESI) and the matrix-assisted
laser desorption ionization (MALDI) in the early 90s
and the further development of these methods through-
out the last decade have revolutionized the studies of
biologically relevant molecules. Especially in the field of
proteomics, these methods have proven to be very
powerful both for the identification of known proteins
and for the sequencing of unknown proteins and pep-
tides. The metastable decay of preselected parent ions
in MALDI has also proven to be very useful in proteom-
ics [1–3], and is today a key technique in sequence
analysis in proteomics. However, at the same time, the
performance of these methods has not met expectations
when it comes to the analyses of DNA segments. One of
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doi:10.1016/j.jasms.2008.12.010the difficulties hampering the use of MALDI TOF-MS in
DNA analyses is the metastable and prompt decay of
these molecules in the MALDI process [4–11]. Further-
more, the strong affinity of oligonucleotides to ex-
change their numerous acidic protons against sodium
complicates the sample preparation considerably and
often sets limits to the achievable resolution [4, 5]. In the
last decades, several studies have been conducted to
attempt to unravel the mechanism behind the prompt
and metastable decay of oligonucleotides in MALDI
[5–7, 9–26]. The bulk of this work is reviewed by Wan
and Gross in 2001 [13] and by Wu and McLuckey in
2004 [6]. Several different mechanisms have been sug-
gested for the decay of negatively charged oligonucle-
otides studied, and the experimental data does not
appear to support one single mechanism [9, 10, 12–15].
For the protonated oligonucleotides, on the other hand,
the bulk of the studies conducted show that the frag-
mentation (with the exception of the loss of terminal
nucleotides or nucleosides and the loss of water) is
initiated by the protonation of a high proton affinity
base [6, 11, 14, 24–26]. The base then leaves the oligo-
nucleotide either protonated or as the neutral base, and
the base loss is followed by a backbone cleavage.
Studies have also been conducted on the fragmentation
of oligonucleotides with a single metal ion attached
[27–33], and Wang et al. [34, 35] studied the collision
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oligonucleotides with all the acidic phosphodiester pro-
tons exchanged against sodium ions. In these experi-
ments the metal adducts of the [M  2H]2 ions were
generated through electrospray ionization and the frag-
mentation upon collisional activation was studied with
an ion trap.
Recently, we published a study on the metastable
decay of the sodium adducts and the sodium free
singly charged deprotonated hexameric nucleotides
5=-d(TTXYTT) (X and Y are dC, dG, or dA) when
formed in the MALDI process [12]. In this study, we
found that the backbone cleavage of the deprotonated
oligonucleotides is gradually quenched with increasing
degree of sodiation and that quantitative quenching is
generally achieved when four of the acidic protons have
been exchanged against sodium ions. The base loss, on
the other hand, increases with increasing sodiation,
hence as the backbone cleavage decreases. Furthermore,
when the sixth proton was exchanged against sodium
and beyond that point we observed a relative destabi-
lization of the pyrimidine bases compared with the
purine bases. Our observations are concordant with
the CID work of Wang et al. [34], which shows consid-
erably higher stability for the metal adducts compared
with the native [M  2H]2 ions and that the loss of
pyrimidine bases becomes favorable compared with the
purine base loss when the phosphodiester protons are
exchanged against metal ions.
Here we have extended our study to the post
source decay (PSD) of protonated hexameric nucleo-
tides 5=-d(TTXYTT) (X and Y are dC, dG, or dA). We
study systematically the influence of the degree of
sodiation, i.e., when the acidic protons are one by one
exchanged against sodium ions, and we show that the
role of sodium is not less significant for the protonated
oligonucleotides. Similar to the case of the deproto-
nated oligonucleotides, we observe quenching of the
classical w and a-B channels with increasing degree of
sodiation of the protonated oligonucleotides, and we
find the branching ratios between these two channels
are highly dependent on the sequence and nature of the
two central bases. In addition to the w and a-B channels,
we observe a drastic and abrupt on/of-switching of
different reaction channels as the degree of sodium
increases. The new channels, which to our knowledge
have not been observed before, involve selective exci-
sion of the two central bases as well as a phosphodiester
group and a sugar unit, presumably also from the
center of the oligonucleotides. To account for the mass
observed a synchronous recombination of the two ter-
minal d(TT) fragments formed in the process is re-
quired. To verify that the fragments formed still contain
the two terminal nucleosides, we also studied PSD of
5=-d(CTCGTT), 5=-d(TTCGTC), and 5=-d(CTCGTC). Here
we discuss our findings within the framework of a
single mechanism being responsible for both the w and
a-B fragmentation observed, and we discuss possibleexplanations for the appearance of the new channel
observed and for its abrupt disappearance.
Experimental
The hexameric nucleotides 5=-d(TTXYTT), where X and
Y are dC, dG, or dA were all synthesized from the
phosphoramidites of the nucleotides with standard
protecting groups (Glen Research, Sterling, VA, USA).
The syntheses were carried out on a Biossets ASM 800
DNA synthesizer (Novosibirsk, Russia). The oligomers
were purified using 20% denaturing polyacrylamide gel
electrophoresis, reverse phase HPLC and Sephadex
G-15 column (Amersham Biosciences, Piscataway, NJ,
USA). The purified samples were dried on a Thermo-
Savant ISSI110 Speedvac system (Waltham, MA, USA)
and redissolved in 100 L sterile, purified water. The
concentration was determined by UV absorption at 260
nm on 500 times dilute samples. For storage the
samples were diluted to 0.1 mM solutions, separated
into 10 L portions, and stored at 20 °C until used. The
hexameric nucleotides 5=-d(CTCGTT), 5=-d(TTCGTC),
and 5=-d(CTCGTC) as well as a control sample of
5=-d(TTCGTT) were all purchased HPLC purified
from TAG Copenhagen A/S (Copenhagen, Denmark)
and used without further purification. The samples
were delivered dry and were dissolved in purified
water to make a 0.1 mM solution before use.
The MALDI post source decay (PSD) spectra of the
sodiated and nonsodiated oligonucleotides were obtained
on a REFLEX IV (Bruker Daltonics, Bremen, Germany), a
reflectron type UV-MALDI-TOF with a 400 J/pulse
N2-Laser operating at 10 Hz and 337 nm. All experiments
were carried out in positive ion mode and for each
oligonucleotide, the protonated ions containing at least
0–7 sodium atoms were one by one selectively gated
into the field free linear flight tube. The desorption-laser
power was kept about 10% above the detection thresh-
old for each oligomer and the laser spot was moved
manually over the sample during acquisition to average
out sample heterogeneity. The gate width was 5 u in
all experiments and the ion extraction was operated in
pulsed delayed extraction mode with 400 ns delay time.
The total acceleration voltage through the linear region
was 25 kV resulting in about 30 s flight time. This is
the time window within which we observe metastable
decay. After the linear flight, the ions were decelerated
and reaccelerated with a grid-less reflectron and de-
tected on a double micro-channel plate detector. The
reflectron voltage was stepped down in seven segments
to assure for collection of all fragments. Individual
segment are the sum of 500 shots, which were recorded
by using the fragmentation analyses and structural TOF
(FAST) method, within the instrumental control soft-
ware FlexControl. The alignment of individual seg-
ments and the mass calibration spectra was carried out
with the FlexAnalyses software also provided by the
instrument manufacturer. Mass accuracy was verified
by comparing the measured mass of the protonated
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calculated masses.
Before fragmentation analyses of the oligonucleo-
tides, 2 L of the 0.1 mM sample solutions were mixed
with 0.5 L of 0.01 M NaCl solution to increase the
degree of sodiation of the samples. From the sodiated
samples 2.5 L were then mixed with 2 L of a
saturated aqueous solution of 2,5-dihydroxybenzoic
acid. The sample/matrix mixtures were spotted on a
polished stainless steel sample carrier and allowed to
dry in air.
Results and Discussion
Figure 1 shows PSD spectra of protonated 5=-d(TTCGTT)
ions containing 0–7 sodium ions. Similar to the depro-
tonated hexameric oligonucleotides, which we reported
in an earlier study [12], the predominating channels
observed for the protonated hexameric oligonucleotides
are backbone cleavage through the w3 and the a4–B4H
fragmentation channels as well as single base loss. To a
lesser extent we observe backbone cleavage through the
w2 channel. Like in the case of the deprotonated oligo-
nucleotides the w and the [a4–B4H]
 fragmentation
channels are very effectively quenched in the proton-
ated oligonucleotides as the degree of sodiation in-
creases. These observations are qualitatively the same
for all oligonucleotides studied, and generally quanti-
tative quenching of the w and the [a4–B4H]
 frag-
ment formation from the protonated oligonucleotides is
achieved with the exchange of four protons against
sodium ions in the parent ions. This is in good agree-
ment with the increased stability of the oligonucleotides
observed by Wang et al. [34] after exchanging all the
acidic phosphodiester protons against metal ions. How-
ever, when comparing these experiments one should
keep in mind that in their experiment they were study-
Figure 1. Post-source decay spectra of the protonated 5=-
d(TTCGTT)-3= ion where 0–7 protons have been exchanged
against sodium ions.ing the sodium adducts of the [M 2H]2 ions and here
we are studying the sodium adducts of the [M  H]
ions. Contrary to the backbone cleavage we find that the
base loss generally increases with increasing degree of
sodiation. This is, however, only true for the exchange
of up to five protons against sodium ions. In this range,
we find the stability of the bases to be inversely related
to their proton affinities (PA); PA(G)  959.5 kJ/mol,
PA(C)  949.9 kJ/mol, PA(A)  942.8 kJ/mol, PA(T) 
880.9 kJ/mol [36]. Hence, we observe increasing single
base loss in the order T  A  C  G when up to five
protons have been exchanged against sodium ions. This
relationship between the stability of the oligonucleo-
tides and the proton affinities is also apparent in the
relative intensity of the w3
 fragments compared with
the [a4–B4H]
 fragments. In the case of 5=-d(TTGCTT)
and 5=-d(TTCGTT), the w3 channel is more prominent
than the [a4–B4H]
 channel when G is in the third
position and the [a4–B4H]
 fragment is more intense
when G is in the fourth position. In the case of the
oligonucleotides 5=-d(TTGATT) and 5=-d(TTAGTT) this
relationship is more apparent. The [a4–B4H]
 channel
dominates when G is in the fourth position and the w3

channel when G is in the third position. The situation
is similar for the oligonucleotides 5=-d(TTCATT) and
5=-d(TTACTT), but now in favor of the loss of neutral
cytosine. Figure 2 shows this relationship between the
w3
 and the [a4–B4H]
 channels as a fraction of the total
backbone cleavage through both channels. It is appar-
ent from Figure 2 that the higher the proton affinity of
the base in the fourth position the higher is the intensity
of the [a4–B4H]
 fragment compared with the sum of
both the w3
 and the [a4–B4H]
 fragments. To the same
extent it is clear from Figure 2 that the higher the proton
affinities of the base in third position, the more preferable
becomes thew3 channel. This is concordant with the initial
step being the protonation of a high proton affinity base
leading to a weakening of the glycosidic bond and the
0
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Figure 2. The ratio of the intensity of the w3
 and the [a4–B4H]

channels to that of the total backbone cleavage through both
channels. The ratio is shown for all base and sequence combina-
tions, whereby CG for example signifies that guanine is at the
third position and cytosine at the fourth position of the base.loss of the neutral base. A 1=,2=-elimination can then be
he m
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of the sugar moiety to a neighboring high proton
affinity base. This initial step was previously suggested
by Gross et al. for the formation of w2 fragments from
positively charged tetrameric nucleotides [14]. In this
case (formation of w fragments) the proton transfer
takes place through the 3=-phosphodiester group. In
Scheme 1 a proposed mechanism is shown for 5=-
d(TTGCTT) where the highest proton affinity base is in
the third position, hence w3
 is the fragment preferably
formed. In this scheme the initial base elimination step
is followed by a 3=,4=-elimination through a rupture of
the 3=-phosphodiester bond and a transfer of the 4=-
hydrogen to the phosphate group. The charge remains
on the 3=-fragment and thus the resulting charged
fragment is w3
. In Scheme 2 a similar mechanism is
proposed for 5=-d(TTCGTT) in which the highest proton
affinity base is in the fourth position. In this case
[a4–B4H]
 is the preferably formed fragment. The initial
step is the same as proposed for the w3
 fragment
formation in Scheme 1, i.e., the loss of the neutral
guanine, induced through its initial protonation. Like in
the mechanism shown in Scheme 1 the 1,2-elimination
initiated by the base loss is completed by a proton
transfer from the 2=-carbon of the sugar moiety to the
next neighboring base with the highest proton affinity.
The difference is that in this case it is at the 5=end of the
sugar moiety and the proton transfer takes place
through the 5=-phosphodiester group. Consequently,
Scheme 1. Proposed mechanism for the forma
the 5=-d(TTXYTT) oligonucleotides studied. For
bound hydrogens that are directly involved in t
Scheme 2. Proposed mechanism for the forma
tive for the 5=-d(TTXYTT) oligonucleotides stud
carbon bound hydrogens that are directly involved ithe following 3=,4=-elimination leads to charge retention
on the 5=-end and thus the formation of [a4–B4H]. In
short, if the initially protonated base is at the third
position of the 5=-d(TTXYTT) nucleotides the charge
remains preferably on the 3=-fragment as shown in
Scheme 1 leading to the formation of a w3
. If, on the
other hand, the initially protonated base is at the fourth
position of the 5=-d(TTXYTT) nucleotides, the charge
remains preferably on the 5=-fragment resulting in the
formation of a [a4–B4H]
.
In our experiment, we observe that the backbone
cleavage via the w3
 and the [a4–B4H]
 channels comes
to a halt when the acidic phosphodiester protons are
exchanged against sodium, and that the intensity of the
signal from the single base loss (relative to that of the
parent ion) increases with increasing degree of sodia-
tion. This is concordant with a mechanism where the
base loss is independent of the availability of acidic
phosphodiester protons, but the backbone cleavage is
critically dependent on these. Hence the fragmentation
is bound to come to a halt after the base loss if no
protons are available at the adjacent phosphodiester
groups. Furthermore, this mechanism also explains our
observation that the branching ratio of the w3
 and
[a4–B4H]
 fragmentation channels is highly dependent
on the nature and sequence of the central bases. How-
ever, when the sixth proton is exchanged against so-
dium also the purine base loss is efficiently quenched
but at the same time the loss of the pyrimidine bases
f w3
 from 5=-d(TTGCTT) as representative for
ty, only the free electron pairs and the carbon
echanism are shown.
f [a4–B4H]
 from 5=-d(TTCGTT) as representa-
For clarity, only the free electron pairs and thetion o
clarition o
ied.n the mechanism are shown.
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ent in the case of 5=-d(TTGCTT) and 5=-d(TTCGTT) (see
Figure 1). As mentioned above, this is the same obser-
vation we made for the negatively charged oligonucleo-
tides [MH] [12] andWang et al. made earlier for the
doubly deprotonated [M  2H]2 ions generated in
their electrospray experiments [34]. This is somewhat
surprising as it indicates that partly the same mecha-
nisms are operative in the dissociation processes of
these different ions.
However, as the quenching of the w3
 and the
[a4–B4H]
 fragment formation progresses, we observe
two new channels that open up. The more prominent
first appears at 1376 u for the 5=-d(TTCGTT) parent ion
when two protons have been exchanged against so-
dium ions (see Figure 1). The intensity of the peak,
which is shifted by 22 u for each additional proton
exchanged against sodium, progressively increases un-
til the parent ion contains five sodium atoms. When the
sixth proton is exchanged against a sodium ion, this
channel abruptly closes as if it was switched off. The
same observation is made for all the oligonucleotides
studied and, more importantly, the mass to charge ratio
observed for this fragment is the same for all the
oligonucleotides, independent of the nature and sequence of
the central bases.
This is shown in Figure 3 where the fragmentation
pattern of all six oligonucleotides studied are compared
when; (a) five and (b) six protons have been exchanged
against sodium ions. It can be seen that the sixth sodium
abruptly switches off this channel independent of the
nature or the sequence of the two center bases. It is also
clear from Figure 3 that themass to charge ratio of the ions
formed through this new reaction channel are the same for
all the oligonucleotides. Therefore, clearly the fragment
Figure 3. Comparison of the fragmentation pattern of all six
5=-d(TTXYTT) oligonucleotides when; (a) five and (b) six protons
have been exchanged against sodium ions.formed does not contain the two central bases. A closer
look at the mass to charge ratio also shows that the ions
have not only lost the two central bases but also one
sugar and one diphosphoester unit. These must come
from the center of the backbone as the ionic fragment
still contains both the terminal thymidine groups,
d(TT). Consequently the process comprises the excision
of the central bases, a phosphodiester group and a
sugar unit, and the synchronous recombination of the
two terminal d(TT) groups. To verify that this fragment
is indeed composed of the two terminal bases from both
the 5= and the 3= end of these oligonucleotides we carried
out additional PSD experiments on 5=-d(CTCGTT), 5=-
d(TTCGTC), and 5=-d(CTCGTC) as well as control exper-
iments on 5=-d(TTCGTT) from the same supplier. Figure 4
compares the fragmentation pattern of 5=-d(TTCGTT), 5=-
d(CTCGTT), 5=-d(TTCGTC), and 5=-d(CTCGTC) in the
mass range from 1300 to 1500 u when five protons have
been exchanged against sodium ions (left side). For
comparison, the mass selected molecular ions [M 
5Na-4H] are shown on the right side. In all cases we
observe the same fragmentation pattern as for the other
oligonucleotides 5=-d(TTXYTT), except that the mass is
now shifted by 15 mass units for 5=-d(CTCGTT) and
5=-d(TTCGTC) and by 30 mass units for 5=-d(CTCGTC),
i.e., shifted by the mass difference between thymine (126 u)
and cytosine (111 u). This shows clearly that the fragment
in question is composed of the two terminal nucleo-
sides from each end of the oligonucleotides studied.
From the strong dependence on the degree of sodia-
tion, we conclude that this reaction takes place from a
structure that is most favorable when the oligonucleo-
Figure 4. Comparison of the fragmentation pattern of 5=-
d(TTCGTT), 5=-d(CTCGTT), 5=-d(TTCGTC), and 5=-d(CTCGTC) in
the mass range from 1300 to 1500 u when five protons have been
exchanged against sodium ions (left side). The mass selected
parent ions [M  5Na  4H] are shown on the right side.tides contain five sodium ions, which coincides with the
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However, this structure is also attainable with as few as
two protons exchanged against sodium ions. With the
sixth sodium ion on the parent ion this structure can not
be attained and the reaction channel is turned off, or the
sixth sodium ion blocks one of the reaction centers
involved with the same consequences.
Scheme 3 shows a proposed mechanism for this
reaction in which the reaction takes place over a cyclic
phosphate intermediate leading to the formation of the
protonated sequence (I) or the protonated sequence (II).
The first sequence results from a recombination of the 5=
end with the fourth phosphodiester group (markedA in
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Due to the rigidness of the 3=-OH-group we favor a
transition-state involving the 5=-OH, i.e., reaction path
(A). In this case the 5=-OH-group makes a nucleophilic
attack on the phosphorous of the fourth phosphodiester
group whereby the sodium of the leaving phosphate
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ing terminal hydroxyl group on the sugar unit which is
initially in position three. The leaving fragments are the
two bases shown as cytosine and guanine in Scheme 3,
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exchange of the proton on the 5=-hydroxyl group of
the parent ion against the sixth sodium ion would bring
the reaction to a halt. However, the difference of the
sodium affinity (and the acidity) of the 5= primary
alcohol and the secondary alcohol at the 3= position is
not large. Thus, the exchange of a proton from one of
the two terminal alcohol groups is not likely to be
sufficiently selective to make such an abrupt closing of
this reaction channel plausible. An exchange of a NH
proton at one of the central bases might be a more likely
explanation for the reaction to come to such a sudden
halt when the sixth proton is exchanged against so-
dium. This is plausible when the nucleophilic attack
occurs after the base loss in which case the positively
charged sugar moiety facilitates the reaction. The sixth
sodium would in this case prevent the base cleavage
from the oligomer and thus stop the reaction.
Conclusions
We observe a remarkable effect of the degree of sodia-
tion on the unimolecular reactivity of oligonucleotides
in the gaseous phase. The number of sodium ions
exchanged against protons in the parent ions control
with high selectivity the gas-phase reactivity of these
ions. With increasing number of the acidic phosphodi-
ester protons exchanged against sodium, the backbone
cleavage through the w and a-B channels is gradually
quenched, and quantitative quenching of these chan-
nels is generally achieved when four of the acidic
protons have been exchanged against sodium ions. The
neutral base loss on the other hand increases with
increasing number of protons being exchanged against
sodium ions. We explain these observations through a
mechanism in which the initial protonation of the
highest proton affinity base leads to the loss of the
neural base. A 1=,2=-elimination is then followed by a
3=,4=-elimination. As both elimination reactions proceed
through a proton transfer mediated by a neighboring
phosphodiester group these come to a halt when the
phosphodiester protons are not more available. Consis-
tent with our observations this mechanism leads pri-
marily to the formation of w3
 fragments when the
highest proton affinity base is at the third position of the
hexameric oligonucleotides studied and predominantly
to the formation of [a4–B4H]
 when the highest proton
affinity base is at the fourth position.
At the same time as the w3
 and [a4–B4H]
 fragmen-
tation channels are quenched, two new channels open
up. The dominant channel comprises the excision of the
two central bases, the central phosphodiester group and
a sugar unit and also requires the synchronous recom-
bination of the separating terminal groups. This channel
gradually increases in intensity for parent ions contain-
ing 2-5 sodium ions and is abruptly turned off when the
parent ion contains six sodium ions. We explain this
sodium induced extraordinary selectivity by the hy-
potheses that the reaction takes place from a structurethat is most favorable when the oligonucleotides con-
tain five sodium ions, but is also attainable with as few
as two sodium ions. The sixth sodium on the parent ion
either destroys the attained stereo-chemical prerequi-
sites or, more likely, blocks a reaction center involved.
This reaction center may be the primary reaction center
predicted to be at the 5= OH group. However, it is more
plausible that the sixth sodium exchanges a proton at
one of the two central bases thus blocking the initial
base elimination that facilitates the proceeding nucleo-
philic attack. This is consistent with a mechanism where
the reaction proceeds through a cyclic phosphate inter-
mediate initiated by a nucleophilic attack of a terminal
OH-group on the centered phosphodiester unit.
Acknowledgments
This work was supported by the Icelandic Centre for Research
(RANNIS) and by the University of Iceland Research Fund. M.S.
acknowledges support for a visit to Reykjavik by the European
Science Foundation (ESF) program, Electron Induced Processes at
the Molecular Level (EIPAM). H.D.F. acknowledges a Ph.D.
fellowship from the Eimskip Fund of the University of Iceland.
The authors thank Professor Snorri Þór Sigurðsson, Pavol Cekan,
and Kristín María Guðjónsdóttir for generously supplying the
oligonucleotides for this work.
References
1. Lahm, H. W.; Langen, H. Mass Spectrometry: A Tool for the Identifi-
cation of Proteins Separated by Gels. Electrophoresis 2000, 21, 2105–2114.
2. Gevaert, K.; Vandekerckhove, J. Protein identification methods in
proteomics. Electrophoresis 2000, 21, 1145–1154.
3. Stutz, H. Advances in the Analysis of Proteins and Peptides by
Capillary Electrophoresis with Matrix-Assisted Laser Desorption/
Ionization and Electrospray-Mass Spectrometry Detection. Electrophore-
sis 2005, 26, 1254–1290.
4. Nordhoff, E.; Ingendoh, A.; Cramer, R.; Overberg, A.; Stahl, B.; Karas,
M.; Hillenkamp, F.; Crain, P. F. Matrix-Assisted Laser Desorption
Ionization Mass-Spectrometry of Nucleic-Acids with Wavelengths in
the Ultraviolet and Infrared. Rapid Commun. Mass Spectrom. 1992, 6,
771–776.
5. Nordhoff, E.; Kirpekar, F.; Roepstorff, P. Mass Spectrometry of Nucleic
Acids. Mass Spectrom. Rev. 1996, 15, 67–138.
6. Wu, J.; McLuckey, S. A. Gas-Phase Fragmentation of Oligonucleotide
Ions. Int. J. Mass Spectrom. 2004, 237, 197–241.
7. Tang, W.; Krause, J.; Zhu, L.; Smith, L. M. Factors Influencing Oligo-
nucleotide Stability in Matrix-Assisted Laser Desorption/Ionization
(MALDI) Mass Spectroscopy. Int. J. Mass Spectrom. 1997, 169, 301–311.
8. Tang, K.; Allman, S. L.; Chen, C. H. Matrix-Assisted laser-desorption
ionization of oligonucleotides with various matrices. Rapid Commun.
Mass Spectrom. 1993, 7, 943–948.
9. Gross, J.; Hillenkamp, F.; Wan, K. X.; Gross, M. L. Metastable Decay of
Negatively Charged Oligodeoxynucleotides Analyzed with Ultraviolet
Matrix-Assisted Laser Desorption/Ionization Post-Source Decay and
Deuterium Exchange. J. Am. Soc. Mass Spectrom. 2001, 12, 180–192.
10. Nordhoff, E.; Karas, M.; Cramer, R.; Hahner, S.; Hillenkamp, F.;
Kirpekar, F.; Lezius, A.; Muth, J.; Meier, C.; Engels, J. W. Direct
Mass-Spectrometric Sequencing of Low-Picomole Amounts of Oligode-
oxynucleotides with Up to 21 Bases by Matrix-Assisted Laser-Desorption
Ionization Mass-Spectrometry. J. Mass Spectrom. 1995, 30, 99–112.
11. Schneider, K.; Chait, B. T. Matrix-Assisted Laser-Desorption Mass-
Spectrometry of Homopolymer Oligodeoxyribonucleotides Influence of
Base Composition on the Mass-Spectrometric Response. Org. Mass
Spectrom. 1993, 28, 1353–1361.
12. Stano, M.; Flosadottir, H. D.; Ingolfsson, O. Effective Quenching of
Fragment Formation in Negative Ion Oligonucleotide Matrix-Assisted
Laser Desorption/Ionization Mass Spectrometry Through Sodium Ad-
duct Formation. Rapid Commun. Mass Spectrom. 2006, 20, 3498–3502.
13. Wan, K. X.; Gross, M. L. Fragmentation Mechanisms of Oligode-
oxynucleotides: Effects of Replacing Phosphates with Methylphospho-
nates and Thymines with Other Bases in T-Rich Sequences. J. Am. Soc.
Mass Spectrom. 2001, 12, 580–589.
14. Gross, J.; Leisner, A.; Hillenkamp, F.; Hahner, S.; Karas, M.; Schafer, J.;
Lutzenkirchen, F.; Nordhoff, E. Investigations of the Metastable Decay
of DNA Under Ultraviolet Matrix-Assisted Laser Desorption/Ionization
696 FLOSADÓTTIR ET AL. J Am Soc Mass Spectrom 2009, 20, 689–696Conditions with Post-Source-Decay Analysis and Hydrogen/Deuterium
Exchange. J. Am. Soc. Mass Spectrom. 1998, 9, 866–878.
15. Rodgers, M. T.; Campbell, S.; Marzluff, E. M.; Beauchamp, J. L. Low-
Energy Collision-Induced Dissociation of Deprotonated Dinucleotides—
Determination of the Energetically Favored Dissociation Pathways and the
Relative Acidities of the Nucleic-Acid Bases. Int. J. Mass Spectrom. Ion
Processes 1994, 137, 121–149.
16. Berlin, K.; Gut, I. G. Analysis of Negatively “charge tagged” DNA by
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry. Rapid Commun. Mass Spectrom. 1999, 13, 1739–1743.
17. Chan, T. W. D.; Fung, Y. M. E.; Li, Y. C. L. A Study of Fast and
Metastable Dissociations of Adenine-Thymine Binary-Base Oligonucle-
otides by Using Positive-Ion MALDI-TOF Mass Spectrometry. J. Am.
Soc. Mass Spectrom. 2002, 13, 1052–1064.
18. Chou, C. W.; Limbach, P. A.; Cole, R. B. Fragmentation Pathway Studies
of Oligonucleotides in Matrix-Assisted Laser Desorption/Ionization
Mass Spectrometry by Charge Tagging and H/D Exchange. J. Am. Soc.
Mass Spectrom. 2002, 13, 1407–1417.
19. Christian, N. P.; Reilly, J. P.; Mokler, V. R.; Wincott, F. E.; Ellington,
A. D. Elucidation of the Initial Step of Oligonucleotide Fragmentation in
Matrix-Assisted Laser Desorption/Ionization Using Modified Nucleic
Acids. J. Am. Soc. Mass Spectrom. 2001, 12, 744–753.
20. Domingues, M. R. M.; Marques, M.; Vale, C. A. M.; Neves, M. G.;
Cavaleiro, J. A. S.; Ferrer-Correia, A. J.; Nemirovskiy, O. V.; Gross,
M. L. Do Charge-Remote Fragmentations Occur Under Matrix-
Assisted Laser Desorption Ionization Post-Source Decompositions
and Matrix-Assisted Laser Desorption Ionization Collisionally Acti-
vated Decompositions? J. Am. Soc. Mass Spectrom. 1999, 10, 217–223.
21. Frankevich, V.; Zhang, J.; Dashtiev, M.; Zenobi, R. Production and
Fragmentation of Multiply Charged Ions in “Electron-free” Matrix-
Assisted Laser Desorption/Ionization. Rapid Commun. Mass Spectrom.
2003, 17, 2343–2348.
22. Kirpekar, F.; Krogh, T. N. RNA Fragmentation Studied in a Matrix-
Assisted Laser Desorption/Ionization Tandem Quadrupole/Orthogonal
Time-of-Flight Mass Spectrometer. Rapid Commun. Mass Spectrom. 2001,
15, 8–14.
23. Tang, W.; Zhu, L.; Smith, L. M. Controlling DNA Fragmentation in
MALDI-MS by Chemical Modification. Anal. Chem. 1997, 69, 302–312.
24. Schneider, K.; Chait, B. T. Increased Stability of Nucleic-Acids Containing
7-Deaza-Guanosine and 7-Deaza-Adenosine May Enable Rapid DNA-
Sequencing by Matrix-Assisted Laser-Desorption Mass-Spectrometry. Nu-
cleic Acids Res. 1995, 23, 1570–1575.25. Zhu, L.; Parr, G. R.; Fitzgerald, M. C.; Nelson, C. M.; Smith, L. M.
Oligodeoxynucleotide Fragmentation in MALDI/TOF Mass-Spectrometry
Using 355-nm Radiation. J. Am. Chem. Soc. 1995, 117, 6048–6056.
26. Kirpekar, F.; Nordhoff, E.; Kristiansen, K.; Roepstorff, P.; Hahner, S.;
Hillenkamp, F. 7-Deaza Purine-Bases Offer a Higher Ion Stability in the
Analysis of DNA by Matrix-Assisted Laser-Desorption Ionization Mass
Spectrometry. Rapid Commun. Mass Spectrom. 1995, 9, 525–531.
27. Abliz, Z.; Takayama, M.; Xiang, Y.; Li, J. L. MS/MS Study of Deoxy-
dinucleotides Bound with Alkali-Metal Ions Using ESI-MS. Chin. Chem.
Lett. 2003, 14, 499–502.
28. Keller, K. M.; Brodbelt, J. S. Charge State-Dependent Fragmentation of
Oligonucleotide/Metal Complexes. J. Am. Soc. Mass Spectrom. 2005, 16,
28–37.
29. McLuckey, S. A.; Vanberkel, G. J.; Glish, G. L. TandemMass-Spectrometry
of Small, Multiply Charged Oligonucleotides. J. Am. Soc. Mass Spectrom.
1992, 3, 60–70.
30. Wu, Q. Y.; Cheng, X. H.; Hofstadler, S. A.; Smith, R. D. Specific
Metal-Oligonucleotide Binding Studied by High Resolution Tandem
Mass Spectrometry. J. Mass Spectrom. 1996, 31, 669–675.
31. Christian, N. P.; Giver, L.; Ellington, A. D.; Reilly, J. P. Effects of Matrix
Variations and the Presence of Iron on Matrix-Assisted Laser Desorption/
Ionization Mass Spectra of DNA. Rapid Commun. Mass Spectrom. 1996, 10,
1980–1986.
32. Hettich, R. L. Formation and Characterization of Iron–Oligonucleotide
Complexes with Matrix-Assisted Laser Desorption/Ionization Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry. J. Am. Soc.
Mass Spectrom. 1999, 10, 941–949.
33. Favre, A.; Gonnet, F.; Tabet, J. C. Location of the Na Cation in
Negative Ions of DNA Evidenced by Using MS2 Experiments in Ion
Trap Mass Spectrometry. Int. J. Mass Spectrom. 1999, 191, 303–312.
34. Wang, Y. S.; Taylor, J. S.; Gross, M. L. Fragmentation of Electrospray-
Produced Oligodeoxynucleotide Ions Adducted to Metal Ions. J. Am.
Soc. Mass Spectrom. 2001, 12, 550–556.
35. Wang, Y. S.; Taylor, J. S.; Gross, M. L. Fragmentation of Photomodified
Oligodeoxynucleotides Adducted with Metal Ions in an Electrospray-
Ionization Ion-Trap Mass Spectrometer. J. Am. Soc. Mass Spectrom. 2001,
12, 1174–1179.
36. Hunter, E. P. L.; Lias, S. G. Evaluated Gas Phase Basicities and Proton
Affinities of Molecules: An Update. J. Phys. Chem. Ref. Data 1998, 27,
413–656.
